In situ measurements of X-ray absorption spectra at an Fe K absorption edge were carried out during the transformation of chloride-containing green rust (GR(Cl -)) to oxyhydroxide (that is, lepidocrocite (γ -FeOOH)), by oxidation via aqueous solution. Results showed that the Fe K absorption edge in X-ray absorption near-edge structure (XANES) spectrum shifted toward the higher energy side with increasing oxidation time. The factor analysis of the XANES spectra, using reference data, implied that dissolution of GR(Cl -) and precipitation of γ -FeOOH occur simultaneously. The fraction of γ -FeOOH in the suspension increased continuously with increasing oxidation time, in response to the continuous decrease of the fraction of GR(Cl -). The results lead us to conclude that GR(Cl -) transforms to γ -FeOOH during oxidation under the present experimental conditions.
Introduction
Green rusts (GRs) are classified as iron hydroxides containing ferric (Fe(III)) and ferrous (Fe(II)) ions. In the crystal structure of GRs, Fe(II) and Fe(III) ions are bonded octahedrally to six hydroxide ions.
1) The edge-shared Fe(OH) 6 octahedral units form the brucite-like iron hydroxide layers, which are alternating with interlayers containing anions and water molecules. Several species of anions, such as Cl -, SO 4 2-, and CO 3 2- , are present in the interlayers. [1] [2] [3] [4] [5] It has been reported that GRs are formed as intermediate products when corrosion products are precipitated on metallic Fe in aqueous solution. 6, 7) Hence, the formation of GRs is related to corrosion processes of metallic Fe in aqueous solution, although the corrosion rate of iron is strongly influenced by a number of variables, such as humidity and temperature cycles, and covering layer of corrosion products. Several species of GR suspensions have been synthesized by a chemical route, and oxidation experiments have been performed on these suspensions. [8] [9] [10] [11] [12] It has been demonstrated that GRs are transformed to oxidation products such as goethite (α-FeOOH), akaganeite (β-FeOOH), lepidocrocite (γ -FeOOH), and magnetite (Fe 3 O 4 ) through the injection of oxygen gas into their suspensions. The species of oxidation products and their morphology have been found to be sensitive to various oxidation conditions, such as temperature, oxygen partial pressure, and other coexisting ion species. To elucidate the mechanism of transformation of GRs to oxidation products, many efforts have been made to characterize GRs during oxidation. [13] [14] [15] In this study, we focused on chloride-containing green rust (GR(Cl -)) with the chemical formula Fe(II) 3 Fe(III)(OH) 8 Cl· 2H 2 O, 16) because the corrosion of metallic Fe and steel due to chloride ions is common in various environments. In previous laboratory experiments on the oxidation of GR(Cl -) suspension, 12, [17] [18] [19] [20] [21] [22] the in situ measurements of electrochemical properties such as pH, dissolved oxygen (DO), and oxidation-reduction potential (ORP) have been performed for the suspension during oxidation. 17) The correlation between the species of the oxidation products and the solution conditions in the suspension during oxidation has been compared with the electrochemical potential (E)-pH equilibrium diagram, including GR(Cl -). 19, 21) For representative example, the ORP-pH curve of the GR(Cl -) suspension during the controlled oxidation using 21% oxygen gas at 298 K (Ref. 17 ) is overwrote in an experimentally obtained E-pH equilibrium diagram for iron in chloride-containing aqueous solution, 2) as shown in Fig. 1 . In the figure, the values of ORP and pH for the suspension before oxidation are indicated by the closed circle and those for the suspension after complete oxidation are marked by the open square. Though the values of ORP and pH in the GR(Cl -) suspension before oxidation are very close to the conditions, in which GR (Cl   -) is stable, these values are changed to the conditions, in which γ -FeOOH is stable, by the oxidation. As a result, γ -FeOOH is preferentially formed in the suspension as a oxidation product. 17) Thus, the species of the oxidation products ISIJ International, Vol. 54 (2014), No. 1 are strongly affected by the solution conditions in the suspension during oxidation. [17] [18] [19] [20] [21] [22] To investigate the transformation of GR(Cl -) during oxidation, X-ray diffraction pattern of solid particles extracted from the suspension at different oxidation times was also measured. [17] [18] [19] [20] [21] [22] However, the oxidation process of GR(Cl -) suspension has not been fully understood. For example, the relative amounts of GR(Cl -) and oxidation products in the suspension during oxidation have not been determined, because it is difficult to estimate the fractions of reaction products from X-ray diffraction data.
It is known that in situ measurements of X-ray absorption spectroscopy (XAS) are effective in non-destructively characterizing both the chemical state of Fe and the local structure around Fe in iron-containing specimens. Spectra for Xray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) provide the chemical state of Fe and the local structure around Fe in α-FeOOH, β-FeOOH, γ -FeOOH, Fe 3 O 4 , and GR(Cl -). 23) Therefore, the relative amounts of GR(Cl -) and the oxidation products in the suspension during oxidation can be analyzed by in situ XAS measurements. To obtain a detailed understanding of the transformation process of GR(Cl -) during oxidation, we applied the quick X-ray absorption fine structure (QXAFS) technique in a synchrotron radiation facility. 24) A better transformation pathway of GR(Cl -) to oxidation products during oxidation was discussed on the basis of analytical results.
Experimental
The GR(Cl -) suspension was synthesized from ferric chloride (Fe(III)Cl 3 ) and ferrous chloride (Fe(II)Cl 2 ) hydrates and aqueous sodium hydroxide (NaOH). First, deaerated water, which was prepared by bubbling of Ar gas, was used to prepare an iron chloride solution with an [Fe(II)]/[Fe(III)] ratio of 4.5, in which the total iron concentration was 0.2 mol/L. Subsequently, an aqueous NaOH solution was added to the iron chloride solution in a reaction vessel with continuous bubbling of Ar gas at 278 K. The addition of aqueous NaOH solution was continued until the
} ratio equaled 1.5. For in situ XAS measurements, we prepared a specimen holder consisting of cellulose fabric and polyethylene films. In order to maintain a homogeneous dispersion of GR(Cl -) during the in situ measurements, a cellulose fabric was used. Such fabric was allowed to absorb 0.4 ml of the assynthesized GR(Cl -) suspension. The fabric with suspension was packed by 0.02-mm-thick polyethylene films. Atmospheric oxygen can permeate through the polyethylene films. Thus, in order to avoid oxidation of GR(Cl -) suspension prior to the in situ XAS measurements, procedures mentioned above were performed in a glove box, in which the oxygen content was controlled below 0.1%. Then, the specimen holders containing the GR(Cl -) suspensions were kept in a desiccant box immediately prior to the in situ XAS measurements. After the specimen holders were exposed to air, atmospheric oxygen permeated through the polyethylene films. Consequently, the GR(Cl -) suspension in the specimen holder was oxidized and transformed to ferric oxyhydroxides.
In situ XAS measurements were performed at an Fe K absorption edge (7 112 eV) in the transmission mode using the synchrotron radiation facility at the beam line station BL14B2 at SPring-8, Japan Synchrotron Radiation Research Institute, Japan. The specimen was irradiated with a beam of size 1 mm × 5 mm, and the intensities of transmitted Xrays were measured using an ion chamber. X-ray absorption spectra at the Fe K absorption edge were collected for approximately 4 min. The measurements were periodically repeated during the oxidation, up to a duration of about 94 min. The measured data were analyzed using the software REX2000 (Rigaku Corporation).
After in situ XAS measurements, fully oxidized suspension was dried, and hence the cellulose fabric containing the final oxidation products was obtained. XRD measurement of such dried specimen was performed using a Rigaku RINT-2200 diffractometer with Mo Kα radiation (0.071073 nm). The morphologies of the final oxidation products were observed using a transmission electron microscope (TEM, HITACHI H-7650). Figure 2 shows the XANES spectra at the Fe K absorption edge for the GR(Cl -) suspension during oxidation, in which the normalized absorbance is plotted against the energy of the incident X-ray. The position of the Fe K absorption edge in XANES spectra shifts toward the higher energy side with increasing oxidation time tox, implying that GR(Cl -) is oxidized and transformed to other iron oxides. It is known that XANES spectra at the Fe K absorption edge are sensitive to the chemical state of compounds containing iron. [25] [26] [27] For instance, the position of the Fe K absorption edge of Fe3O4, composed of both Fe(II) and Fe(III) ions, has been reported to be located at a lower energy in comparison with that of maghemite (γ -Fe2O3), composed of Fe(III) ion. 9) Therefore, it is possible to estimate the fraction of the oxidation products, composed mainly of Fe(III) ion, in the suspension as a function of tox, as discussed later.
Result and Discussion
The EXAFS spectra at the Fe K absorption edge for the GR(Cl -) suspension during oxidation are given in Fig. 3 , in ) suspension during the controlled oxidation using 21% oxygen gas at 298 K, 17) together with an experimentally obtained electrochemical potential (E)-pH equilibrium diagram for iron in chloride-containing aqueous solution.
2) © 2014 ISIJ which the k 3 -weighted value of χ is plotted as a function of the wave number k of the incident X-ray. The results show that the amplitude and periodicity in EXAFS spectra gradually change with increasing t ox . As the amplitude and periodicity in EXAFS spectra are closely related to the atomic distance and the coordination number, that is, the local structure, 28) the oxidation of GR(Cl -) is accompanied not only by a change in the chemical state of Fe but also by a change in its local structure. It has been reported that oxidation products such as α-FeOOH, β-FeOOH, γ -FeOOH, and X-ray diffraction measurement is useful to identify the species of final oxidation products. However, it was difficult to obtain the information of the final oxidation products from X-ray diffraction measurement of the fully oxidized suspension because of large background. To avoid the background due to solution in the suspension, dried specimen composed of the cellulose fabric containing the oxidation products was prepared. Figure 5 presents X-ray diffraction pattern of such dried specimen. The reference diffraction and fγ -FeOOH were refined under the constraint that the sum of and f γ -FeOOH be equal to one. As representative examples, the analysis results of XANS spectra at t ox = 18 min and t ox = 86 min are presented in Figs. 7(a) and 7(b) , respectively. From the difference between the observed and calculated spectra, the reliability factor R was evaluated. A good fit is obtained by using the parameters given in Table  1 . The values of = 0.67 and f γ -FeOOH = 0.33, obtained for the suspension oxidized for a relatively short period (t ox = 18 min), mean that the GR(Cl -), composed of both Fe(II) and Fe(III) ions, is the major component in this case. On the other hand, the major component in the suspension oxidized 
for a relatively long period (t ox = 81 min) is γ -FeOOH. Thus, the shape change of the XANES spectrum at Fe K absorption edge in Fig. 2 is considered to correspond to the fractional changes of GR(Cl -) and γ -FeOOH.
The values of and fγ -FeOOH versus tox are estimated from the analysis of a series of XANES spectra, as summarized in Fig. 8 . The value of fγ -FeOOH increases with increasing tox, in response to the decrease of . Such changes of fγ-FeOOH and become smaller with increasing tox. It has been suggested that intermediate phases are formed during the oxidation process of the carbonate-containing green rust GR(CO3 2-), depending on the oxidation conditions. [29] [30] [31] For example, GR(CO3 2-) in a HCO3 -and CO3 2-solution has been reported to transform to the amorphous active FeOOH phase at first, and then to α-FeOOH and γ -FeOOH. 
Conclusion
Oxidation of the chloride-containing green rust (GR(Cl -)) suspension consisting of ferric (Fe(III)) and ferrous (Fe(II)) ions was investigated by in situ measurements of X-ray absorption spectroscopy (XAS). The Fe K absorption edge in X-ray absorption near-edge structure (XANES) spectra was systematically shifted toward the higher energy side with increasing oxidation time. In addition, the extended Xray absorption fine structure (EXAFS) spectra were gradually changed over the oxidation time. Therefore, the oxidation of GR(Cl -) suspension results not only in a change of the chemical state of Fe, but also in a change of the local structure around Fe. The final oxidation product obtained under the present oxidation conditions was identified as lepidocrocite (γ -FeOOH) consisting of Fe(III) ion. It was demonstrated that the XANES spectra of the specimens during oxidation were reproduced by the linear combination of the spectra of GR(Cl -) and γ -FeOOH. From the change of XANES spectra during oxidation, the fractional changes of GR(Cl -) and γ -FeOOH were estimated. The estimated results show that the fraction of γ -FeOOH in the suspension increases with increasing oxidation time while that of GR(Cl -) decreases. It is concluded that the dissolution of GR(Cl -) and precipitation of γ -FeOOH occur simultaneously via solution during oxidation under the present conditions. In addition, this study indicates that in situ XAS measurements are useful to investigate the oxidation process of reactive species like GRs in aqueous solution. 
